A key step in the initiation of apoptosis is the release from the mitochondrial intermembrane space of cytochrome c and other pro-apoptotic proteins such as Smac/DIABLO, Omi/HtrA2, apoptosis-inducing factor (AIF), and endonuclease G (EndoG). Discrepancies have arisen, however, as to whether all these proteins are released in different systems. Our results suggest that failure to observe cytochrome c release may be due to the use of different buffers because after permeabilization by caspase-8 cleaved human Bid (tBid), cytochrome c dissociation from mitochondria was highly dependent on ionic strength and required 50 -80 mM KCl, NaCl, or LiCl. In addition, mitochondria isolated from apoptotic cells using low ionic strength buffer bound a greater proportion of endogenous cytochrome c. In contrast to cytochrome c, Smac/DIABLO and Omi/HtrA2 were released independent of ionic strength, and AIF and EndoG behaved as if they are exposed to the intermembrane space but tethered to or within the inner membrane. AIF and EndoG were also not released by active caspases, which suggests their involvement in apoptosis may be limited. In summary, whereas tBid permeabilizes the outer membrane to cytochrome c, Smac/DIABLO, and Omi/HtrA2, the release of cytochrome c during apoptosis will be underestimated unless sufficient ionic strength is maintained to overcome the electrostatic association of cytochrome c with membranes.
During apoptotic cell death, mitochondrial permeabilization and the ensuing release of proteins such as cytochrome c, Smac/DIABLO, and Omi/HtrA2 from the intermembrane space are a major point of no return (1, 2) . Released cytochrome c binds to Apaf-1 to activate a series of "downstream" caspases (e.g. caspase-9 and caspase-3), precipitating the final disintegrative stages of apoptosis, whereas Smac/DIABLO and Omi/ HtrA2 promote caspase activity by binding to and antagonizing IAP proteins (3) (4) (5) (6) . In addition, two endonucleases, apoptosisinducing factor (AIF) 1 and endonuclease G (EndoG), are proposed to translocate from the intermembrane space to the nucleus, where they are involved in DNA fragmentation and chromatin condensation (7, 8) . Whether these proteins are coreleased during apoptosis remains controversial because in some reports, cytochrome c release is absent or less than that of other mitochondrial proteins (3, 9 -14) , and in others, AIF and EndoG release requires caspase activation (15) (16) (17) .
In experiments using isolated mitochondria, three subfamilies of the Bcl-2 family can regulate mitochondrial outer membrane permeability, either by initiation (BH3-only proteins, i.e. Bid, Bim S , and Bad), mediation (BH1-3 proteins, i.e. Bax and Bak), or inhibition (BH1-4 proteins, i.e. Bcl-2, Bcl-x L , and Bcl-w). This direct effect of Bcl-2 proteins on isolated mitochondria correlates with their effect on apoptosis in cells and in vivo, highlighting the importance of understanding how Bcl-2 homologues regulate mitochondrial outer membrane permeability to cytochrome c and other proteins.
After a role for mitochondria in apoptosis was first revealed using a cell-free system (18) , studies of apoptosis-related mitochondrial changes have utilized various cell-free systems, as well as examining mitochondria isolated from apoptotic cells. These studies generally adopted the use of buffers used in previous mitochondrial analyses that tended to be of two types, referred to here as high ionic strength (HIS) or low ionic strength (LIS). Generally, whereas both HIS and LIS buffers are norm-osmotic (around 300 milliosmolar), HIS buffers contain salts such as KCl at around 150 mM to mimic intracellular ion concentrations, whereas LIS buffers contain minimal salts but also contain osmotic stabilizers such as sucrose, mannitol, or sorbitol to protect against mitochondrial damage induced by matrix swelling.
Cytochrome c functions to transmit electrons from complex III to complex IV of the electron transport chain, located in the mitochondrial inner membrane. The efficiency of electron transport is maximized because cytochrome c sits as a peripheral component on the membrane, making direct interactions with both acidic phospholipids and acidic patches on the integral components of complex III and complex IV. The surface of cytochrome c, including several critical lysine residues, that mediates its membrane association has been mapped, and the interactions have been shown to be electrostatic: cytochrome c can be released from the membrane surface with 150 mM .
Here we evaluate the electrostatic interaction of cytochrome c with mitochondrial membranes after permeabilization in vitro by the pro-apoptotic protein tBid or in cells by apoptotic signaling. When buffers of low ionic strength were used, cytochrome c remained associated with permeabilized mitochondria, providing an explanation for some reports of cytochrome c retention (and mitochondrial intactness) after apoptosis. To assist in interpreting previous studies and in formulating suitable buffers for different future applications, we carefully analyze the ability of various salts to allow cytochrome c "dissociation" from mitochondrial membranes. We also examine whether the mitochondrial association of other pro-apoptotic proteins such as Smac/DIABLO, Omi/HtrA2, AIF, and EndoG depends so strongly on electrostatic interactions or might involve different interactions.
EXPERIMENTAL PROCEDURES
Materials-Caspase-8 cleaved human Bid (tBid) was produced as described previously (23) . Ac-DEVD-AMC, Q-VD-oph, and Z-VAD-fmk were purchased from Enzyme Systems Products. Other reagents were of chemical grade and supplied by Sigma.
Isolation of Mouse Liver Mitochondria-Mouse livers were removed and placed in ice-cold sucrose buffer (300 mM sucrose, 10 mM Tris-HCl, pH 7.4, and 1 mM EDTA) for transport. Subsequent procedures were performed at 4°C. Tissue was placed in ice-cold buffer A (60 mM sucrose, 210 mM mannitol, 10 mM KCl, 0.5 mM dithiothreitol, 10 mM succinate, 10 mM HEPES/KOH, pH 7.5, and 5 mM EGTA) supplemented with 1 mM phenylmethylsulfonyl fluoride and 0.1% bovine serum albumin and then diced and transferred to fresh buffer in a 7-ml Wheaton tissue grinder. Aliquots were homogenized by three to five strokes. Total homogenate was diluted to 20 ml with buffer A and centrifuged twice (1,500 ϫ g, 5 min) to remove unbroken cells. Mitochondria were then pelleted from the supernatant (8,500 ϫ g, 10 min) and washed twice (with 40 ml of buffer A) before resuspension in buffer B (70 mM sucrose, 210 mM mannitol, 1 mM EDTA, and 10 mM HEPES/KOH, pH 7.5) at 10 -30 mg/ml and kept on ice for up to 3 h before use.
Permeabilization of Mitochondrial Outer Membrane by Hypotonic Lysis or by tBid-For mitochondrial outer membrane permeabilization by hypotonic lysis, mitochondria were added (1-4 mg/ml, as indicated) to 10 mM HEPES/KOH, pH 7.5, and incubated at either 22°C for 15 min (Fig. 1) or 0°C for 15 min, followed by supplementation to 100 mM KCl and an additional incubation at 0°C for 15 min to shrink the mitochondrial matrix (Figs. 5 and 6). For mitochondrial outer membrane permeabilization by tBid, mitochondria were suspended (1-4 mg/ml) in either buffer B (Fig. 2) or buffer C (100 mM KCl, 2.5 mM MgCl 2 , 250 mM sucrose, 20 mM HEPES/KOH, pH 7.5, 1 mM dithiothreitol, 5 g/ml cytochalasin B, and 50 g/ml cycloheximide) and incubated with tBid (0.2-2 g/ml) at 37°C for 1 h. After centrifugation (10,000 ϫ g, 5 min, 4°C), supernatant and pellet fractions were carefully separated. Each fraction was combined with lysis buffer, and equivalent portions were analyzed by SDS-PAGE and Western blot (see "Western Blot Analysis of Mitochondrial Proteins").
Subcellular Fractionation of Apoptotic HeLa Cells-HeLa cells were preincubated for 1 h with the broad range, cell-permeable caspase inhibitors Q-VD-oph (50 M) or Z-VAD-fmk (50 M), where indicated. Cells were washed twice with phosphate-buffered saline, exposed to UVC irradiation (200 J/m 2 ), and then re-supplemented with caspase inhibitor for an additional 6-h incubation at 37°C. Cells were harvested, washed with ice-cold phosphate-buffered saline, resuspended at 5 ϫ 10 6 cells/ml in either buffer B (0 mM KCl) or buffer C (100 mM KCl) containing 0.025% digitonin and complete protease inhibitors (Roche Diagnostics), and incubated for 10 min on ice (24, 25) . After verification of cell membrane permeabilization by trypan blue uptake, samples were centrifuged (10,000 ϫ g, 5 min, 4°C), and supernatant and pellet fractions were analyzed by SDS-PAGE and Western blot (see "Western Blot Analysis of Mitochondrial Proteins").
Western Blot Analysis of Mitochondrial Proteins-After transfer to nitrocellulose membranes, several mitochondrial proteins were analyzed using the following primary antibodies: anti-cytochrome c monoclonal antibody (clone 7H8.2C12; 1:1,000; Pharmingen), anti-Smac/ DIABLO polyclonal antibody (1:500; Pro-Sci Inc.), anti-AIF monoclonal antibody (clone E1; 1:1,000; Santa Cruz Biotechnology), anti-EndoG polyclonal antibody (1:100; Pro-Sci Inc.), anti-Omi/HtrA2 polyclonal antibody (1:1,000; kindly provided by E. Alnemri, Kimmel Cancer Institute, Philadelphia, PA), anti-mtHsp70 monoclonal antibody (StressGen, Victoria, CA), and rabbit antiserum against bovine heart Rieske's iron-sulfur protein (kindly provided by Diego Gonzalez; Northwestern University, Evanston, IL). Blots were then probed with species-specific horseradish peroxidase-labeled monoclonal antibodies (Amersham Biosciences) and detected with enhanced chemiluminescence (Amersham Biosciences). Each membrane (duplicate membranes in Fig. 3 ) was analyzed for several proteins by reprobing.
RESULTS

Salt Sensitivity of Cytochrome c Dissociation from Mitochondria
Permeabilized by Hypotonic Lysis-To confirm the electrostatic interaction of cytochrome c with permeabilized mitochondria in LIS conditions, mouse liver mitochondria prepared in buffer B (0 mM KCl) were permeabilized by hypotonic lysis in 10 mM HEPES/KOH, pH 7.5, and mitochondrial pellets and supernatants were analyzed for two intermembrane space proteins, Smac/DIABLO and cytochrome c. Because hypotonic lysis ruptures the outer membrane (26) , Smac/DIABLO was largely released into the resulting supernatant, but cytochrome c remained fully associated with the mitochondrial pellet (Fig.  1a, lane 3) . Cytochrome c association with permeabilized mitochondria persisted after elevation of osmolarity to 300 mosM by addition of mannitol and sucrose (Fig. 1a , lane 4) but was overcome after supplementation with 80 mM KCl (Fig. 1a, lane 12) .
To further examine the effect of ionic strength on cytochrome c dissociation and to help interpret results from the use of different buffers used in the apoptosis literature, we examined the effect of different physiological and non-physiological salts. NaCl and LiCl permitted dissociation with potency similar to that of KCl. Interestingly, salts containing Mg 2ϩ were even more potent because MgCl 2 and MgSO 4 allowed complete dissociation at around 8 mM.
Cytochrome c Dissociation from tBid-permeabilized Mitochondria-To relate the above-mentioned findings to the study of apoptosis, we then examined the electrostatic interaction of cytochrome c with mitochondria in which the outer membrane had been permeabilized by tBid rather than by hypotonic lysis. Mitochondria prepared in buffer B (0 mM KCl) were suspended in additional buffer B and first incubated with tBid under conditions that induce full cytochrome c release in HIS buffers. Release of Smac/DIABLO confirmed that tBid had permeabilized the outer membrane, but cytochrome c remained associated with the mitochondrial pellet under LIS conditions (Fig.  2a, lane 3) . However, 80 mM KCl, NaCl, and LiCl each promoted dissociation of cytochrome c (Fig. 2) as observed in Fig.  1 . In addition, salts containing divalent cations, MgCl 2 and MgSO 4 , as well as MnCl 2 and CaCl 2 , were again ϳ10-fold more effective than monovalent cation salts (Fig. 2b) . The salts alone exhibited no effect on intact mitochondria in the absence of tBid, except for MnCl 2 and CaCl 2 , which, at the highest concentrations tested (8 mM), appear to promote some rupture of the outer membrane ( Fig. 2c ) (data not shown).
Mitochondria isolated from Xenopus laevis eggs and permeabilized by either hypotonic lysis or tBid also bound cytochrome c in LIS but not HIS conditions (data not shown) (23) . Buffers of intermediate ionic strength such as buffer A (which contained 10 mM KCl; see "Experimental Procedures") result in partial cytochrome c dissociation from fully permeabilized mitochondria, whereas Xenopus egg cytosolic extracts (approximately two thirds cytoplasm and one third buffer C containing 50 mM KCl) allowed complete cytochrome c dissociation after permeabilization by tBid, Bax, or Bim S (data not shown) (23, 27, 28) .
Thus, when mitochondria isolated from either mouse liver or X. laevis eggs are permeabilized by either pro-apoptotic Bcl-2 proteins or hypotonic lysis and then centrifuged, the mitochondrial pellet retains cytochrome c in the presence of LIS buffers. However, if ionic strength approaches that of the cytoplasm, dissociation of cytochrome c from permeabilized mitochondria is rapid (Ͻ5 min at 4°C) (data not shown).
Fractionation of Apoptotic Cells using Low Ionic Strength Buffer Causes Released Cytochrome c to Reassociate with the
Mitochondrial Fraction-Mitochondrial cytochrome c release within apoptotic cells has been demonstrated by microscopy and by separation of mitochondrial and cytosolic fractions. In some cases, however, fractionation has shown cytochrome c release to be absent or less than the release of other mitochondrial proteins. The use of LIS buffers in some of these studies (3, 10, (12) (13) (14) raises the possibility that cytochrome c released in the cell during apoptosis can reassociate electrostatically with the mitochondrial fraction during fractionation under LIS conditions. To examine this, we fractionated UV-treated HeLa cells using either LIS or HIS buffer. Cells were permeabilized by resuspending equal numbers of untreated or treated cells in either buffer B (0 mM KCl) or buffer C (100 mM KCl), both of which contained a low concentration of digitonin to permeabilize the cell membrane (24, 25) . After centrifugation, equivalent portions of the pellet (mitochondrial or membrane fraction) and supernatant (cytosolic fraction) were analyzed by Western blot for cytochrome c and other mitochondrial proteins (Fig. 3) . Smac/DIABLO redistribution from the pellet to the supernatant after UV exposure was similar in either LIS or HIS buffer (Fig. 3a) , indicating that UV exposure resulted in the permeabilization of a high proportion of mitochondria and confirming (as shown in Figs. 1 and 2 ) that Smac/DIABLO dissociation from permeabilized mitochondria was independent of ionic strength. Cytochrome c redistribution from the pellet to the supernatant was also observed after UV exposure and subsequent fractionation in HIS; however, in LIS, a significant proportion of cytochrome c remained in the mitochondrial pellet (Fig. 3a) . Thus, cytochrome c that had been released from mitochondria within apoptotic cells had reassociated with the mitochondrial fraction due to LIS buffer diluting the high ionic strength of the cytoplasm (140 mM KCl). This is consistent with the ability of exogenous cytochrome c to associate with either intact or permeabilized mitochondria in LIS conditions (data not shown). Reassociation of cytochrome c with mitochondria in LIS conditions would also be predicted to occur if apoptotic cells were permeabilized by homogenization or nitrogen cavitation, especially if cell extracts become highly diluted. In summary, within apoptotic cells, the HIS of the cytoplasm allows cytochrome c to exit permeabilized mitochondria, whereas if LIS buffer is used to produce the cell extract, a significant proportion (and potentially all) of the released cytochrome c will reassociate electrostatically with the membrane fraction.
Dissociation of Smac/DIABLO and Omi/HtrA2 from Permeabilized Mitochondria Is Independent of Ionic Strength-Unlike cytochrome c, Smac/DIABLO dissociated from permeabilized mitochondria independent of ionic strength (Figs. 1-3) . To examine the behavior of other pro-apoptotic mitochondrial proteins, we used digitonin at increasing concentrations to permeabilize the outer and inner membranes of isolated mitochondria (29) . Digitonin is a steroid glycoside and is extremely effective in solubilizing sterol-rich membranes (30) such as the FIG. 1. Hypotonic lysis of mitochondria. a, mouse liver mitochondria (1 mg/ ml) were initially incubated in either isotonic buffer B (LIS) or hypotonic buffer (10 mM HEPES/KOH, pH 7.5) for 15 min at 22°C. Aliquots were then supplemented with 210 mM mannitol, 70 mM sucrose, and 1 mM EDTA (Sugars; lane 4) or with the indicated concentration of KCl. After 10 min at 22°C, samples were centrifuged (10,000 ϫ g, 5 min), mitochondrial pellets and supernatants (S/N) were carefully separated and mixed with sample buffer, and equivalent portions were subjected to SDS-PAGE and Western blot analysis for Smac/DIABLO and cytochrome c. b, aliquots of hypotonic-lysed mitochondria were supplemented with the indicated salts and examined for cytochrome c content as described in a. Results are representative of three independent experiments. mitochondrial outer membrane (and plasma membrane), and only at higher concentrations does it effectively solubilize the sterol-poor mitochondrial inner membrane. Mitochondria were suspended in either buffer C (with 100 mM KCl) or buffer A (with 10 mM KCl), and digitonin was added at 0.05%, 0.1%, or 0.2% (v/v) (Fig. 4a) . Mitochondrial pellets and supernatants were then analyzed for the presence of several pro-apoptotic proteins: cytochrome c, Smac/DIABLO, Omi/HtrA2, AIF, and EndoG, as well as two additional marker proteins, the soluble matrix protein mtHsp70 (a mitochondrial matrix heat-shock protein also called grp75) and the inner membrane Rieske protein. At 0.1% digitonin, cytochrome c had completely dissociated from the mitochondrial pellet in buffer C but only partially dissociated from the mitochondrial pellet in buffer A. Smac/DIABLO and Omi/HtrA2, other soluble intermembrane space proteins, dissociated from digitonin-permeabilized mitochondria equally in either buffer. Two other mitochondrial proteins, AIF and EndoG, proposed to be either soluble in the intermembrane space (7, 8) or attached to the inner membrane (15-17), dissociated at higher digitonin concentrations.
Together, these data show that, unlike cytochrome c, four other mitochondrial pro-apoptotic proteins do not exhibit elec- FIG. 2 . Cytochrome c release from tBid-permeabilized mitochondria requires sufficient ionic strength. Mitochondria (1 mg/ml) were initially incubated in isotonic buffer B without or with tBid (1 g/ml) for 1 h at 37°C. a, aliquots were then supplemented with the indicated concentrations of KCl, and pellets and supernatants (S/N) were analyzed by Western blot for Smac/DIABLO and cytochrome c. b, aliquots of tBid-permeabilized mitochondria were supplemented with the indicated concentrations of different salts and examined for cytochrome c content as described in a. Results are representative of three independent experiments. c, to observe the effect of each salt on intact mitochondria, in a separate experiment aliquots of intact or tBid-permeabilized mitochondria were supplemented with the indicated concentration of different salts and examined for cytochrome c content as described in a.
trostatic attraction to membranes. Thus, the use of LIS buffers will correctly estimate mitochondrial release of these proteins but will underestimate release of cytochrome c.
The Mitochondrial Inner Membrane Prevents Release of AIF and EndoG-Because AIF and EndoG appeared to be released only at higher concentrations of digitonin (Fig. 4a) , a more detailed titration of digitonin solubilization was undertaken (Fig. 4b ). Mitochondria were resuspended in buffer C (100 mM KCl) containing increasing concentrations of digitonin and then re-isolated to determine the extent to which various proteins were released. Consistent with results shown in Fig. 4a and published previously (23) , cytochrome c was released by relatively low concentrations of digitonin. AIF and EndoG, however, were released only at concentrations of digitonin sufficient to solubilize the inner membrane and release the Rieske (membrane-inserted) and mtHsp70 (matrix) proteins.
To examine how AIF and EndoG might be protected by the mitochondrial inner membrane, both intact and permeabilized mitochondria were treated with cytosolic extracts containing activated caspases. Caspase-dependent release of AIF and EndoG from mitochondria has been observed in cells undergoing apoptosis (15) (16) (17) . Caspases present in concentrated cytosolic 2 ) in the presence or absence of the broad range caspase inhibitors Q-VDoph (50 M) or Z-VAD-fmk (50 M). Cells were then permeabilized by 0.05% digitonin in either buffer B (0 mM KCl) or buffer C (100 mM KCl), and the mitochondrial pellet and supernatant (S/N) fractions were analyzed by Western blot for the indicated proteins. Results are representative of three independent experiments. b, a second protein in HeLa mitochondria is recognized by anti-EndoG polyclonal antibody and lost with caspase activation. Pellet samples, together with an aliquot of mouse liver mitochondria (MLM), were reanalyzed as described in a to verify identification of the EndoG band.
FIG. 4. Smac/DIABLO, Omi/HtrA2
, and other mitochondrial proteins dissociate from permeabilized mitochondria equally in low and high ionic strength conditions. a, mitochondria (4 mg/ml) were incubated in buffer C (100 mM KCl) or buffer A (10 mM KCl) in the presence of increasing concentrations of digitonin. After 30 min at 22°C, mitochondrial pellets and supernatants (S/N) were analyzed by Western blot for several mitochondrial proteins. b, EndoG and Rieske protein separate from mitochondria at similar digitonin concentrations. The digitonin titration in a was repeated with slightly different methodology. Mitochondria (8 mg/ml) in buffer C (50 l) were mixed with an equal volume of buffer C containing digitonin at 2ϫ final concentration and incubated on ice for 5 min. Samples were then diluted with buffer C (100 l), and mitochondrial pellet and supernatants were analyzed by Western blot for the indicated proteins. The bottom band in the mtHsp70 doublet is likely hsc72 (cytosolic Hsp70) on the surface of mitochondria (50, 51) . extracts were first activated by incubation with a low level of cytochrome c (Fig. 5a ) and then incubated either with permeabilized mitochondria (Fig. 5b) or with mitochondria in the presence of tBid (Fig. 5c) . No release of AIF or EndoG was observed from permeabilized purified mitochondria, nor were AIF and EndoG released from HeLa cell mitochondria during UV-or actinomycin D-induced apoptosis (Figs. 3 and 5 ) (data not shown). Why these findings contrast with recent reports FIG. 5 . Cytosolic extract containing activated caspases fails to dissociate AIF or EndoG from permeabilized mitochondria. a, caspases in X. laevis egg cytosolic extracts were activated by incubating extract (1.2 ml) (52) with a low concentration of horse heart cytochrome c (0.1 M) at 22°C (Act.Cyt.). Cytosolic extract without horse heart cytochrome c addition (Cyt.) was incubated similarly. Caspase activation was monitored by incubating aliquots (2 l) with caspase substrate (Ac-DEVD-AMC) (53) and showed that DEVDase activation was complete by 35 min (arrow), at which time the caspase inhibitor Z-VAD-fmk (100 M) was added to half the horse heart cytochrome c-activated cytosol (Act.Cyt.ϩzVAD), and all samples were placed on ice. b, activated caspases fail to release AIF or EndoG from pre-permeabilized mitochondria. Mouse liver mitochondria (4 mg/ml in buffer C) were initially incubated without or with tBid (400 ng/ml) for 1 h at 37°C or underwent hypotonic lysis and shrinkage (see "Experimental Procedures"). Mitochondrial incubations (50 l) were then mixed with 100 l of either buffer C, cytosolic extract without horse heart cytochrome c (Cyt.), cytosolic extract with a low concentration of horse heart cytochrome c (Act.Cyt.), or cytosolic extract with a low concentration of horse heart cytochrome c plus Z-VAD-fmk (Act.Cyt. ϩ zVAD) and re-incubated for 2 h at 22°C. After dilution with 150 l of buffer C, samples were centrifuged (10,000 ϫ g, 10 min), and the mitochondrial pellet was analyzed by Western blot for the indicated proteins. c, activated caspases fail to release AIF or EndoG from mitochondria when co-incubated with tBid. Mitochondria (4 mg/ml) were directly incubated in buffer C, cytosolic extract without horse heart cytochrome c (Cyt.), cytosolic extract with a low concentration of horse heart cytochrome c (Act.Cyt.), or cytosolic extract with a low concentration of horse heart cytochrome c plus Z-VAD-fmk (Act.Cyt. ϩ zVAD), with or without tBid (2 g/ml), as indicated for 2 h at 22°C. An equal volume of buffer C was then added, and the samples were spun as described in b, and mitochondrial pellets and supernatants (S/N) were analyzed by Western blot for the indicated proteins. Incubations containing tBid had each released cytochrome c at 1 h (data not shown); supernatant loaded on gel was one third of the equivalent mitochondrial pellet. d, carbonate treatment of mitochondria efficiently extracts AIF but not EndoG. Mitochondria were resuspended at 3 mg/ml in either buffer C or 100 mM Na 2 CO 3 , pH 11.5, and incubated at 0°C for 30 min. Samples were re-centrifuged, and mitochondrial pellets and supernatants were analyzed by Western blot for the indicated proteins. Results are representative of two to three independent experiments.
(15-17) is not clear; however, the lack of AIF release was supported by the use of a second antibody to AIF (D-20; Santa Cruz Biotechnology) (data not shown), and a second band recognized by the EndoG antibody in HeLa (but not mouse) mitochondria was lost after caspase activation (Fig. 3b) . We are currently analyzing the identity of this band.
To examine whether AIF and EndoG might be peripherally attached to or imbedded within membranes, intact mitochondria were subjected to carbonate extraction (Fig. 5d) . Because carbonate treatment can convert organelles to open membrane sheets, the treatment removes lumenal and peripherally associated membrane proteins (31) . Sodium carbonate treatment permeabilized both the mitochondrial outer membrane and mitochondrial inner membrane to release each of the soluble proteins cytochrome c, Smac, and mtHsp70, whereas the integral membrane protein Rieske remained associated with the mitochondrial pellet. Under these conditions, the majority of AIF, but not EndoG, became detached, suggesting that EndoG is more membrane-integrated than AIF.
AIF and EndoG Are Susceptible to Proteinase K after Outer
Membrane Permeabilization-To further analyze the submitochondrial location of AIF and EndoG, the susceptibility of AIF and EndoG to degradation by proteinase K after membrane permeabilization was assessed (Fig. 6 ). Mitochondria were first exposed to either tBid or hypotonic lysis to permeabilize the mitochondrial outer membrane only or to alamethicin to permeabilize both the mitochondrial outer membrane and mitochondrial inner membrane. Smac/DIABLO became susceptible to proteinase K after each treatment, whereas mtHsp70 became susceptible only after alamethicin treatment. (Cytochrome c was degraded at higher proteinase K concentrations in other experiments.) Importantly, after either tBid or hypotonic lysis, both AIF and EndoG became susceptible to proteinase K degradation (Fig. 6, lanes 6, 7, 8, 10, 11, and 12) , suggesting that at least a segment of each protein is accessible from the intermembrane space. Interestingly, a large (ϳ50-kDa) AIF fragment appeared in the supernatant after proteinase K addition (Fig. 6, lanes 6, 7, 8, 10, 11, and 12) . Recognition of this fragment by antibodies raised against either the Cterminal 70 amino acids (D-20; Santa Cruz Biotechnology) (data not shown) or amino acids 1-300 (E-1; Santa Cruz Biotechnology) (Fig. 6) suggests that AIF is normally tethered to membranes within the intermembrane space via its N-terminal 100 amino acids.
Although proteinase K is active in detergent at high temperatures, the proteolysis observed here occurred before the heating of SDS-solubilized fractions in preparation for SDS-PAGE electrophoresis because Smac, AIF, and mtHsp70 in intact mitochondria were not degraded by high proteinase K (Fig. 6,  lane 4) , despite their degradation by low proteinase K in permeabilized mitochondria (e.g. Fig. 6, lanes 14 and 15) . Furthermore, AIF degradation by proteinase K occurred before fractionation because AIF degradation products were found in the supernatant (Fig. 6, lanes 6, 7, 8, 10, 11, and 12 ).
DISCUSSION
Our results show that even when the outer mitochondrial membrane is permeabilized, cytochrome c remains associated FIG. 6 . AIF and EndoG are not released after outer membrane permeabilization but become susceptible to proteinase K. Mitochondria (4 mg/ml) were initially incubated in buffer C (without dithiothreitol to assist cytochrome c degradation) (54) with or without tBid (200 ng/ml, 37°C, 1 h) or alamethicin (100 ng/ml, 22°C, 30 min). Additional mitochondria underwent hypotonic lysis and shrinkage (see "Experimental Procedures"). Proteinase K was then added at 0, 50, 200, or 800 ng/ml, and the samples were incubated on ice for 30 min. After the addition of phenylmethylsulfonyl fluoride (2 mM) and additional incubation for 5 min, mitochondrial pellet and supernatants (S/N) were analyzed by Western blot for the indicated proteins. Results are representative of two to three independent experiments. with the organelles under conditions of low ionic strength. Thus, appropriate ionic conditions are required to correctly measure mitochondrial outer membrane permeability to cytochrome c. This provides a reasonable explanation for the sometimes conflicting results seen in previous apoptosis studies in which apoptotic cytochrome c release was absent or less than the release of other mitochondrial proteins (3, 9 -14) . Two other pro-apoptotic mitochondrial proteins, Smac/DIABLO (3, 4) and Omi/HtrA2 (5, 6), exhibit equal dissociation from mitochondrial membranes in both LIS and HIS buffers (Figs. 1-4 ), suggesting they are freely soluble in the intermembrane space. This is not the case for AIF and EndoG because after hypotonic lysis they remain associated with the mitoplast pellet independent of ionic strength and are only released in the presence of detergent concentrations sufficient to partially solubilize the inner membrane.
The association of cytochrome c with permeabilized mitochondria in LIS conditions can be attributed to binding of cytochrome c to protein partners and the phospholipid surface of the mitochondrial inner membrane. Cytochrome c associates with the acidic polar headgroups of natural and artificial membranes, binding with high affinity to negatively charged phospholipids, in particular, cardiolipin, which is an abundant component of the inner membrane (19, (32) (33) (34) . Importantly, whereas cytochrome c bound to vesicles containing the negatively charged cardiolipin or phosphatidylglycerol in low salt buffer, association was negligible in 150 mM KCl (34) . Cytochrome c also docks to subunits of cytochrome bc 1 (complex III) and cytochrome-c oxidase (complex IV) that protrude from the inner membrane, to facilitate electron transfer (35) (36) (37) . The binding site on cytochrome c for all proteins and lipids analyzed is the same region around the solvent-exposed heme edge on the "front face" of the molecule. This region is rich in positively charged lysine residues that form stabilizing ionic bonds with acidic residues of the complexed partners (reviewed in Ref. 19 ). The electrostatic interactions between cytochrome c and proteins or lipids of the inner membrane are readily broken by 100 -150 mM KCl.
The effective ionic strength of the intermembrane space is likely to be similar to that of the cytosol (21) due to the porosity of the voltage-dependent anion channel in the outer membrane. However, even if this were not the case, upon apoptotic mitochondrial outer membrane permeabilization, intermembrane space ion concentrations would rapidly equilibrate with those of the cytoplasm (140 mM KCl). This suggests that our studies with isolated mitochondria are relevant to the situation in vivo. Complete cytochrome c dissociation from mitochondria was attained by incubation of either mouse or Xenopus mitochondria with tBid in buffers of sufficient ionic strength. Thus, in these conditions, there is little evidence of inner membrane invaginations that might otherwise seal off portions of the intermembrane space (38, 39) or of persistent cytochrome c binding to cardiolipin (34, 40 -43) .
These findings can be used to design appropriate buffers when measuring apoptosis-related mitochondrial permeability, both in vitro and when fractionating apoptotic cells (24, 25, 44) . It is important to note that when fractionating mitochondria from apoptotic cells or tissues, cytochrome c that may have dissociated from permeabilized mitochondria in intracellular ionic conditions will reassociate with mitochondrial (and other) membranes if ionic strength is sufficiently decreased by the addition of LIS buffer during fractionation (Fig. 3a) . The promiscuous nature of cytochrome c has been documented in its binding with physiological and non-physiological redox partners such as sulfite oxidase and ferredoxin (45) , and exogenously added cytochrome c associates with both intact and permeabilized mitochondria in LIS conditions (data not shown) (33) .
The electrostatic nature of cytochrome c is also thought to regulate its pro-apoptotic function once released from mitochondria. In vitro assays show that in LIS buffers, cytochrome c binds strongly to Apaf-1 to initiate apoptosome formation and caspase activation, whereas at physiological ionic strength, cytochrome c binds less efficiently to Apaf-1, so that higher concentrations are needed to activate caspases (46 -48). These results suggest that whereas the ionic strength of the cytoplasm allows cytochrome c dissociation from permeabilized mitochondria, it may also create a threshold such that low levels of cytosolic cytochrome c cannot precipitate apoptotic events (47) .
Independent of ionic strength, AIF and EndoG were not released from permeabilized mitochondria either in vitro (Fig.  4 ) or in cells (Fig. 3) , consistent with recent reports that these proteins are not normally soluble in the intermembrane space (15) (16) (17) 49) . The present analysis also supports evidence that EndoG is more membrane-integrated than AIF (15) and further indicates that both are at least partially exposed to the intermembrane space, with AIF perhaps tethered (peripherally) to the inner membrane via its N terminus. However, in contrast to these reports (15-17), we did not find that caspase activation readily released AIF or EndoG from permeabilized mitochondria, either in vitro or in apoptotic cells. Whereas further analysis is needed to ascertain definitively whether AIF and EndoG might normally be located within a complex or even be partially located in the matrix, their highly inefficient release from permeabilized mitochondria suggests that any pro-apoptotic role for them in the nucleus is likely to be limited.
In summary, on permeabilization of the mitochondrial outer membrane in vitro by tBid or in cells by apoptotic signaling, cytochrome c, Smac/DIABLO, and Omi/HtrA2 readily translocate from the intermembrane space, whereas AIF and EndoG remain bound to mitochondria (Fig. 7) . In addition, the current findings demonstrate the importance of using buffers of sufficient ionic strength to overcome the electrostatic interaction of cytochrome c with mitochondrial (and other) membranes. This is crucial to avoid underestimating the degree of mitochondrial outer membrane permeability to cytochrome c, an issue particularly relevant to the investigation of apoptotic pathways.
